We propose a novel approach to the synthesis of photoluminescent Ge nanoparticles using reactive laser ablation. The deposition of germanium under low oxygen pressure (2-100 mTorr) yields Ge nanoparticles embedded in a Ge oxide matrix. Ge nanostructures were characterized by transmission electron microscopy, x-ray photoelectron spectroscopy and photoluminescence (PL) spectroscopy. The oxygen pressure determines the degree of oxidation of GeO x films (0 x 2). A strong PL signal depending on oxygen pressure was observed. The PL maximum is detected for 10 mTorr of oxygen corresponding to a nanoparticle size of 1.8 ± 0.5 nm.
Introduction
The quantum confinement effect in group IV semiconductors has recently attracted considerable interest due to possible applications in optoelectronic devices. Quantum confinement paves the way to obtaining good luminescent properties for semiconductors with an indirect bandgap. Following Canham's report of intense visible photoluminescence from porous silicon [1] , and the work of Maeda et al on Ge microcrystals [2] , much experimental and theoretical work has been published on Si and Ge nanostructures. For instance, Galli and co-workers have studied the structure and stability of Ge nanoparticles [3] , and also the effects of surface reconstruction [4] . Si and Ge nanostructures were synthesized in many ways, including etching, implantation, co-sputtering, sol-gel, laser ablation etc [5] [6] [7] [8] [9] [10] [11] [12] . At present the most common method of fabrication of luminescent Ge structures is the synthesis of Ge nanocrystals embedded in a SiO 2 matrix by implantation or sputtering [13] [14] [15] . Although significant photoluminescence properties have been reported, the nonuniform size distribution, the low density of nanoparticles, the weak photoluminescence efficiency and the limited size control remain critical issues.
Herein we propose a novel one-step synthesis method for Ge nanoparticles embedded in a GeO 2 matrix: reactive pulsed laser deposition (R-PLD), i.e. PLD under a background pressure of a reactive gas. PLD is a versatile technique for the synthesis of nanostructured materials. For example, PLD of silicon under an inert gas pressure allows the synthesis of photoluminescent nanoparticles with a controlled size [5, [16] [17] [18] . However, Ge nanoparticles synthesized by PLD in an inert gas atmosphere do not exhibit significant luminescent properties. Such nanostructures may be rendered luminescent by post-deposition processing (e.g. rapid thermal annealing or oxidation) [19] . The advantage of R-PLD under oxygen pressure is the extremely simple one-step synthesis of both Ge nanoparticles and a GeO 2 matrix. In this paper we describe the synthesis of amorphous Ge nanoparticles that are highly photoluminescent without any post-annealing treatment.
Experimental details
Germanium oxide (GeO x , 0 x 2) films were deposited by conventional PLD under a low oxygen background pressure (2-50 mTorr) on Si substrates 3 . A rotating Ge target (purity 99.99%) was ablated by an excimer KrF laser (λ = 248 nm) with pulse duration 17 ns and repetition rate 20 Hz. The laser density and substrate-target distance were fixed at 5 J cm −2 and 40 mm, respectively.
The optical and structural properties of deposited films were studied by photoluminescence spectroscopy (PL), transmission electron microscopy (TEM) and x-ray photoelectron spectroscopy (XPS). The PL spectra of the samples were measured at low temperature (5 K) using the 458 nm line of an Ar + laser (46 mW). Conventional transmission electron microscopy (TEM) observations were made using a JEOL 200CX operated at an accelerating voltage of 200 kV. Deposition of ultra-thin films (∼50 nm) was carried out on Cu/C TEM grids to observe the film microstructure. For XPS analysis, the sample surface was sputtered for short durations by an Ar ion beam at 5 keV for 1 min (etch rate ∼20Å min −1 ) to remove the native oxide and the organic surface contamination. Due to the insulating properties of Ge oxide, a slight charge shift of the XPS spectra was observed for the films deposited under high oxygen pressure. This effect was systematically corrected by positioning the Ge 3d core level peak from the non-oxidized germanium at 29.3 eV, when this peak was detected. When this peak could not be used, the shift was corrected by positioning the Ge 3d peak from GeO 2 at 32.7 eV. This procedure is accurate enough to fit the Ge 3d with five contributions at fixed energies (error less than ±0.1 eV).
Results
Figure 1 displays a TEM image of a 20 nm-thick GeO x film deposited on a TEM grid under 10 mTorr of oxygen. We observe a granular structure that can be attributed to the presence of nanoparticles. The average size of the nanoparticles was found to be equal to about 2-3 nm in diameter, as shown in the inset of figure 1. Figure 2 shows low temperature PL spectra of Ge deposited by PLD under various oxygen pressures (between 5 and 20 mTorr). A remarkable increase in PL intensity (by a factor of 20) was observed at 10 mTorr. The maximum of the PL spectra shifts from 1.05 to 1.18 eV by increasing the oxygen pressure from 7.5 to 20 mTorr. The origin of the observed photoluminescence can be explained by different factors. Firstly, the observed PL spectra can originate from the presence of Ge nanoparticles. The PL in the infra-red region was experimentally observed by Takeoka et al for Ge nanocrystals embedded in Si oxide [13] . An empirical and theoretical correlation between the position of the PL spectral maximum and nanoparticle size was established. The divergence between experimental results and the theoretical model proposed by Niquet et al was described in terms of carrier trapping on surface defects [20] . Secondly, the origin of the PL spectra of the Ge oxide system can be due to oxide defects. It was also previously shown that Ge oxide and Si oxide systems emit in the blue-green region from 2 to 2.5 eV [14, 20] . As this recombination energy is much higher than the bandgap value of Ge and is size independent, this photoluminescence is attributed to oxide defects.
In light of that discussion, we expect that the PL observed for GeO x samples is due to the presence of Ge nanoparticles. The PL peak shift is attributed to the variation of nanoparticle size as a function of oxygen pressure. Using the established correlation (based on carrier confinement effects) between Ge nanoparticle size and the position of PL spectra [13] , we estimated the size of Ge nanoparticles d PL to be 1.9 ± 0.3 nm and 1.7 ± 0.3 nm for the samples deposited under 10 and 20 mTorr, respectively (table 1). This value is in good agreement with the nanoparticle size observed by TEM. For 7.5 mTorr, we observe a quasi-constant luminescence from 1.05 to 0.8 eV that we attribute to the wide nanoparticle size distribution with the lower limit of 2. 
where s is empirically found to be 5 nm for the Ge/SiO 2 system [13] . As this model is independent of the surrounding material, we can apply it to a variety of systems including the Ge/GeO 2 system. Therefore, XPS measurements were performed to estimate the volume fraction of Ge and evaluate the nanoparticle size (d XPS ave ). The evolution of the Ge 3d XPS peak with increasing O 2 pressure clearly shows a progressive oxidation of germanium. The Ge 3d signals were fitted using five contributions corresponding to the non-oxidized Ge 0 and Ge 1+ , Ge 2+ , Ge
3+
and Ge 4+ oxidation states, as shown for a pressure of 7.5 mTorr in the inset of figure 3 (Ge 4+ is associated with GeO 2 ). The relative positions of all Ge contributions were taken from the literature [21] (chemical shift of 0.85 eV per oxidation state) and were fixed for all oxygen pressures. We plot in figure 3 the area ratios Ge 0 /Ge total , Ge-O/Ge total and GeO 2 /Ge total (where Ge 0 is non-oxidized Ge, GeO 2 is Ge dioxide, Ge total is the total Ge 3d area and Ge-O is the sum of Ge sub-oxide peak areas, i.e. Ge 1+ , Ge 2+ , Ge 3+ ). This analysis shows that the components of the Ge 3d signals exhibit a transition region between 7.5 and 20 mTorr.
Below 5 mTorr, the sample is mainly composed of nonoxidized Ge. At 7.5 mTorr, most Ge atoms (∼77%) are involved in sub-oxide compounds (GeO x<2 ) to the detriment of non-oxidized Ge (∼21%). At rather higher pressures of O 2 , the composition is about 75% GeO 2 and 25% Ge-O. This XPS analysis clearly demonstrates a high control of Ge oxidation by R-PLD.
The optimal condition for the formation of photoluminescent Ge nanoparticles embedded in a GeO x<2 matrix appears to be 10 mTorr of oxygen. At this pressure, the relative concentration of non-oxidized germanium C XPS Ge = Ge 0 /Ge total is extremely low (0.7%). At low pressure, the nanoparticles are presumably too large (several nanometres in diameter) for effective PL. At 20 mTorr, since C XPS Ge decreases down to 0.5%, we expect a decrease in nanoparticle size. Beyond 20 mTorr, the C XPS Ge is below 0.2%, which corresponds to the XPS detection limit. The relation between the C XPS Ge obtained by XPS and the volume fraction f Ge can be expressed by:
where ρ Ge and ρ GeO2 are the Ge and GeO 2 volume densities 4 . Using equation (1) (table 1) 5 [22] . At 10 and 20 mTorr, the nanoparticle size d PL is in good agreement with d XPS adj , and these results are confirmed by TEM images for 10 mTorr samples (figure 1). At 7.5 mTorr, nanoparticle sizes estimated from PL and XPS data are different. As the PL spectrum suggests a wide size distribution, the average size d XPS adj obtained from XPS is not representative. Therefore, at 7.5 mTorr, the actual size of photoluminescent nanoparticles is that obtained from PL data (d PL 2.3 ± 0.6 nm).
Conclusion
In conclusion, a simple approach based on reactive PLD (without annealing treatment) was used to synthesize photoluminescent Ge nanoparticles. The degree of effective Ge oxidation can be directly controlled by varying the oxygen background pressure during the ablation process. The concentration of non-oxidized Ge determines the nanoparticle size, and hence the PL properties. The maximum PL intensity is observed for the sample deposited under an oxygen pressure of 10 mTorr corresponding to a nanoparticle size of ∼1.8 ± 0.5 nm. 4 The volume densities ρ Ge and ρ GeO 2 were calculated using ρ = Z /v, where Z is the number of formulae in the unit cell and v is the volume of the elementary unit cell. 5 To calculate the adjusted nanoparticle size, we estimated the shell thickness as l = 1 2 (l Ge−Ge + l Ge−O ) = 2.45Å, where the Ge-Ge bond length l Ge−Ge is equal to 3.2Å in amorphous Ge and the Ge-O bond length l Ge−O is equal to 1.73Å in amorphous GeO 2 . 2154
